We present spectra of a three-part coronal mass ejection (CME) observed by the Ultraviolet Coronagraph Spectrometer aboard SOHO on 2000 February 11. Images of the CME in different spectral lines show how the morphology depends on the temperature, density, and outflow speed of the ejected plasma. The H i Ly is the line that best resembles the white-light data, although it can be rather different where the outflow speed severely dims its radiative component. We estimate the ranges of temperature and density in the front, prominence core, and void. We also estimate the outflow speed that is the true speed of the ejecta as obtained from the Doppler dimming technique, its component projected on the plane of the sky, and the line-of-sight speed for the three components of the CME. The plasma in the front was denser, cooler, and more depleted in O and Si than the ambient coronal streamer. These characteristics indicate that it originated in the closed field core of the pre-CME streamer. The leading edge was not the projection of a simple spherical shell onto the plane of the sky. The line profiles suggest a wide looplike structure, although a more complete shell that was brighter in some areas could also match the data. The prominence has a structure in temperature and density with the hotter top end emitting in the Mg x and Si xii lines while the bottom end was much cooler and visible only in the H i Lyman lines. Emission in the void was rather faint. The outflow speed obtained from Doppler dimming of the radiative lines, the line-of-sight speed measured from the Doppler shift of the lines, and the plane-of-the-sky speed estimated from the comparison of the images taken at 2.3 and 2.6 R give speeds much lower than those estimated at greater heights (>4 R ) from LASCO and indicate a stronger acceleration at lower heights.
INTRODUCTION
Flux-rope coronal mass ejections (CMEs) have been the starting point for most recent theoretical models (Kahler & Hundhausen 1992; Wu & Guo 1997; Gibson & Low 1998; Krall, Chen, & Santoro 2000; Lin & Forbes 2000) . Their simple morphology provides a topological description of the magnetic field and its evolution through the corona. A flux-rope CME is a three-component structure in which a bright front surrounds a cavity region with prominence material embedded inside. Lacking detailed diagnostics of the plasma parameters in the CME components, theoretical models are based on ad hoc assumptions of their physical conditions. It is generally assumed the bright front is hot plasma of the compressed helmet streamer overlying the source region (Kahler & Hundhausen 1992; Low 1996) or simply pileup of coronal plasma as result of the eruption. Its circular shape has been interpreted as a simple looplike structure (Mouschovias & Poland 1978) or as the twodimensional projection of a shell-like structure (Webb 1988; Hundhausen 1999) . The cavity or void is the region of lowest plasma density in the flux-rope CME, and in the white-light images it is dark as compared to the front and the prominence core. It has been suggested that the lowdensity cavity is held up from collapsing by an intense magnetic field (Low & Hundhausen 1995; Gibson & Low 1998) . The core can contribute significantly to the CME mass as in the 2000 February 11 event, and in the models that consider it, it is taken as cold material (T 10 4 K). Its structure is often filamentary as an erupting prominence, as the high-resolution LASCO observations have shown, but it can be an amorphous high-density core in CMEs originating from active regions (Burkepile & St. Cyr 1993) .
In this paper we use the observations of different instruments aboard SOHO and Yohkoh to study the 2000 February 11 flux-rope CME. In particular, we combine the traditional white-light data of LASCO C2 and C3 (Brueckner et al. 1995) and the new spectroscopic observations by the Ultraviolet Coronagraph Spectrometer (UVCS; Kohl et al. 1995) to map out the physical parameters of the plasma in the three main components of the CME: the bright front, cavity, and core. UVCS observed many CMEs, but the 2000 February 11 one is among the best examples of the flux-rope morphology. In this paper we establish an empirical model for the plasma parameters in this moderate-speed CME. A future paper (A. van Ballegooijen et al. 2003, in preparation) will compare the velocity structure with model predictions.
In x 2 we discuss the CME onset using the EIT (Delaboudinière et al. 1995) and Yohkoh/SXT (Tsuneta et al. 1991) images and the morphological and dynamic evolution from Mauna Loa Mark-IV (MK IV) and LASCO C2 and C3. We also discuss the CME speed as obtained from LASCO images. CME mass and density estimates from LASCO C2 data are discussed in x 3. The UVCS observations are described in x 4. Section 5 summarizes the spectroscopic tools and the atomic rates used for the analysis of UVCS spectra. The analysis of UVCS spectra starts with the pre-CME streamer in x 6. Section 7 describes the CME analysis including the speed structure (x 7.1), the front analysis (x 7.2), the void (x 7.3), and the prominence core (x 7.4). Discussion of the results and conclusions are in x 8.
CME SOURCE, ONSET, AND EVOLUTION
The images in Figure 1 show the H images of the northwest quadrant of the Sun on 2000 February 7 at 19:33:42 UT. The active region and the filament northeast of it, indicated by arrows, are the most probable sources of the CME. The filament extends toward northwest. A few dark filament pieces can been seen at this stage, and by the time it reaches the limb the filament's extension is well formed. However, this northern part of the filament is not involved in the eruption, and in the EIT 195 Å images during the CME onset it stands out as a stable dark feature right at the limb. The active region was at the limb on February 9 at 19:30 UT, while the southern part of filament reached the limb 2 days later on February 11. At the time of the eruption both the active region and southern parts of the filament (both marked in Fig. 1 ) were behind the limb.
On 2000 February the EIT 195 Å images show that throughout the day, diffuse structures off the northwest limb (about 30 north) gradually grew in size. They started to rapidly expand outward at about 19:13 UT and erupted between 20:48 and 21:12 UT. Figure 2 shows two stages of the CME evolution as seen in EIT 195 Å . In Figure 2a at 21:12 UT, the ejecta (A) surrounded by the diffuse emission (B) are associated with the active region already behind the limb. From the EIT 195 Å images the onset of the eruption appears to originate behind the limb. Beside the ejecta (A) several loop structures are simultaneously stretching outward. The posteruption arcade is clearly seen in Figure 2b . At about 00:00 UT, 2000 February 12, the tops of posteruption loops appeared from behind the limb. The northern end of the posteruption arcade may be near or on the limb, but the southern end of the arcade appears to be farther back from the limb. There was a prominence eruption in the foreground (on the front side) at about 00:48 UT, 2000 February 12. However, this occurred after the CME, and the prominence of the CME was well inside the LASCO C2 field of view.
The Yohkoh/SXT images of the CME source before and during the eruption are in Figure 3 . In the bottom images, which are the same as the top images, we mark the contours of the structures involved in the eruption. At 20:08:51 UT a big loop (Fig. 3 , dotted lines) extending up to the edge of the field of view appeared. The set of loops (Fig. 3 , solid lines) in front of it appears responsible for the eruption. After 20:08:51 UT the loops move outward (see image at 20:39:13 UT) at a speed of about 70 km s À1 . At 20:45:39 a gap starts in the SXT data, and by the time of the next exposure, at 21:42:03 UT, the structures have already erupted. The arclike structure at the edge of the field of view in the images at 21:42:03 UT matches well the rear part of the prominence core seen in the MK IV images at 21:41:30 and 21:44:28 UT. This material is most likely part of the hottest plasma inside the cavity detected by UVCS in the Si xii and Mg x lines (see x 4). It cannot be the CME front, because a speed greater than 800 km s À1 would be required to match the LASCO C2 data. That speed is much higher than the values obtained from the analysis of LASCO images and from comparison between LASCO images and SXT and UVCS data.
The MK IV and the LASCO C2 images (see Figs. 4 and 5) show that the CME had a classical three-part structure (Illing & Hundhausen 1986 ) with features similar to those identified as the projection of an erupting flux rope (Chen et al. 1997 Wood et al. 1999; Dere et al. 1999 ): a nearly circular bright rim surrounding a relatively dark cavity that contains a bright core. This structure grows, pushing aside nearby coronal structures. The leading edge (front) of the CME enters the C2 field of view at 21:08 UT, 2000 February 11, preceded by expansion of its associated streamer. The prominence core is first seen at 22:30:05 UT. The front and the prominence exhibit many striations that cannot be resolved in the MK IV images. There is evidence of considerable interaction between the CME and surrounding coronal structures as the CME front moves outward and expands in the transverse direction. In the C2 images, one can clearly see three coronal features that are deflected by the CME, designated C, D, and E in Figure 4 . The composite images show the connectivity to the corresponding MK IV features. The CME evolution inside the LASCO C2 field of view is shown in the Figure 5 , where we also mark the position of the UVCS entrance slit. The CME moves almost radially at P:A: ¼ 345 , and keeps its shape inside the C2 and C3 field of views.
In Figure 6 we show the positions of the front and core as functions of time (top) taken at P:A: ¼ 312 and the derived velocities (bottom). Both bright front and prominence core seem to accelerate through the LASCO field of view. The front (leading edge) accelerates at about 9.9 m s À2 , with a speed of 635 km s À1 at 25 R projected distance. The average speed (i.e., assuming constant speed through the field) is 482 km s À1 . The core accelerates at about 6.0 m s À2 , with a speed of 479 km s À1 at 18 R and an average speed of 400 km s À1 .
Although Figure 6 describes the average-speed properties of the CME, the speed is not constant across the CME structure. The right side (southern part) of the front is moving slower at an average speed of 170 km s À1 , while the left side (northern part) travels at 336 km s À1 . The same behavior is observed in the prominence core with the northern part moving at an average speed of 285 km s À1 and the southern part at 100 km s À1 .
At lower heights an average speed of the prominence core is obtained by comparing the SXT to the LASCO C2 images. For the top of the prominence core we estimate an average speed of 100 km s À1 .
Overall, the CME propagation through the corona appears consistent with self-similar expansion (Webb & Jackson 1981; Low 1984) .
CME MASS AND DENSITY FROM LASCO C2
The C2 images are corrected for vignetting, exposuretime, and other instrumental effects and are calibrated in units of excess brightness after subtracting the preevent image of 2000 February 11 at 20:06 UT. This is a standard procedure for the analysis of coronagraph CME observations (Poland et al. 1981) , and for the LASCO case, it is described in Vourlidas et al. (2000) . The resulting excess brightness images are converted to excess mass images under the common assumptions that (1) the scattering electrons are concentrated on the plane of the sky and (2) the ejected material comprises a mix of completely ionized hydrogen and 10% helium. The total mass of the CME has been estimated as 8 Â 10 15 g, and it was derived by summing all the pixels within a sector spanning from 275 to 345 in position angle and from 2.5 to 7.5 R radially in the C2 image taken at 00:30 UT on February 12. The same image was used to calculate the mass of the CME core of 4 Â 10 15 g. For the core, the region of interest was traced around the core on the C2 image, and then the pixels enclosed in this region were summed to derive the core mass.
The uncertainties in the derived CME masses depend on two factors: the photometric accuracy of the C2 calibrated images and the distribution of the CME material along the line of sight. The C2 calibration accuracy is about AE3%. The three-dimensional structure of the CME is unknown, but the CME source region is close to the limb and we expect that assumption (1) is reasonable in this case. We expect a mass error of less the 10% for events that propagate within 40 from the sky plane ( Fig. 2 ; Vourlidas et al. 2000) . Overall, we believe that the derived masses have an uncertainty of about 13%.
The polarization brightness (pB) inversion technique (van de Hulst 1950; Altschuler & Perry 1972; Munro & Jackson 1977) applied to the LASCO C2 pB measurements taken at 21:00 UT on February 11 gives the pre-CME coronal density. On the other hand, during the CME the usual LASCO C2 intensity images can provide the column density (e cm À2 ), which can be converted to density if a length along the line of sight is chosen. The top panel of Figure 7 shows the densities of the pre-CME corona (at 21:00 UT; dashed line) and the CME (at 00:06 UT; solid line) when a depth of 3 R is chosen. The ratio of CME density to the pre-CME background corona density is shown in the bottom panel for three different depths of the CME along the line of sight. In both panels the horizontal axis is the heliocentric distance taken along the radial direction at P:A: ¼ 324
. The first and second bumps in the plot correspond to the prominence core and front, respectively. The minimum in between the two bumps is the CME void.
SPECTROSCOPIC OBSERVATIONS
The UVCS spectrometer was observing above the CME source from 17:32:43 UT on 2000 February 11 until 02:33:42 UT on February 13, taking 120 s exposures. The entrance slit was above the northwest limb, and the point along the slit closest to the Sun was at an angle of 305 from north pole. The heliocentric height was switched between 2.3 and 2.6 R in a sequence of 12 exposures at 2.3 R followed by three exposures at 2.6 R . This sequence was repeated for most of the observation time and for all the duration of the CME. The slit width was 50 lm (14 00 ), and the spatial binning along the slit was 42 00 . The spectral range included the lines H i Ly 1215.6 and Ly 1025.72, O vi 1031.91 and 1037.61, Si xii 520.66, and Mg x 609.76. The spectral binning was 1 pixel (0.0993 Å ) in the O vi and Si xii lines and 2 pixels (0.2 Å ) in Ly. The Ly and Mg x lines were detected with the redundant O vi channel using a spectral binning of 1 pixel (0.0915 Å ). Except for Ly all the lines are suitable for Doppler shift diagnostics of the CME. The radiometric calibration is accurate to 20% for the first-order lines and 50% for the Mg x and Si xii lines (Gardner et al. 2000 (Gardner et al. , 2002 Michels et al. 2002) . . The bottom panel shows the ratio between the CME and the coronal density when the thickness of the CME material along the line of sight is 0.5 R (dotted line), 1 R (dot-dashed line), and 3 R (solid line). Figure 8 shows the UVCS images in the O vi 1032, H i Ly, and Si xii 520 lines together with the LASCO C2 taken at 00:06:05 UT. The UVCS image is built using a set of consecutive images in the selected spectral line. Each UVCS exposure gives the spectrum of the coronal region in the instantaneous field of view determined by the spectrometer entrance slit. The integration of a spectral line over its profile provides the intensity distribution along the slit, a one-dimensional image at that particular time. By placing the one-dimensional images from consecutive exposures along a time-reversed axis, we obtain a two-dimensional image as in Figure 8 . In this sense, each image of Figure 8 is a temporal scan of the event at a fixed position. To the extent that the gas moved at constant speed perpendicular to the slit, Figure 8 corresponds to an image at the time of the last spectrum.
The Ly image shows the same morphological structure as the LASCO C2 white-light images with the bright front, the void, and the prominence material very well defined. The emission at the top of the Ly image is the preexisting streamer emission. As soon as the CME is launched, the streamer is pushed southward and a region of enhanced emission is seen on the right-hand side above the bright front. The bright front is followed by an area of dimmed emission where the bright prominence material is embedded. Temperature, density, and outflow-speed variations of these components are responsible for the different appearance of the CME in the O vi and Si xii lines. The physical parameters of the CME plasma and the effects on the different emission lines are subjects of the next sections of this paper.
As an overview of the UVCS data, Figure 9 shows the CME in all the lines detected in the UVCS spectra except O vi 1037, which is very similar to the O vi 1032 line. The top images were taken at 2.3 R , those at the bottom at 2.6 R . The vertical axis in each image is the time from the beginning of the observation (top of the images) until the end (bottom of the images), many hours after the CME occurred. The coordinate of the image along the UVCS slit, in polar angle, is the horizontal axis. The lowest height along the slit is at 2.3 R and corresponds to P:A: ¼ 305 for the top images and 2.6 R at P:A: ¼ 305 for the bottom images. The three parts of the flux-rope CME have been identified from the Ly image at 2.3 R , the brightest line in the UVCS spectra and the one that most resembles the white-light image. The crosses mark the boundaries of the bright front and the prominence material. The temperature range covered by spectral lines goes from 2 Â 10 4 K, the peak temperature for the collisional components of Lyman lines, to 2 Â 10 6 K, the peak temperature for the Si xii line. In this analysis we focus mainly on the spectra taken at 2.3 R , which have better temporal coverage. The comparison with the spectra taken at 2.6 R provides insights on the CME evolution.
SPECTROSCOPIC DIAGNOSTIC TOOLS AND ATOMIC RATES
Among the lines observed by UVCS, some are excited by electron collisions and others have both collisional and radiative components. The radiatively excited component is due to the radiation arising from the lower layers of the solar atmosphere. The intensity of a collisionally excited line is
where b is the branching ratio for radiative de-excitation, q coll is the collisional excitation rate, N ion =N elem is the ionization fraction, and N e is the electron density. The integration is performed along the line of sight. The intensity of a radiatively excited line is
Here pðÞ is the scattering function (Noci, Kohl, & Withbroe 1987) and is the solid angle subtended by the solar disk at the point of scattering; b, h, and B 12 are the branching ratio for radiative de-excitation, the Planck constant, and the Einstein coefficient for absorption, respectively, and I disk ð 0 ; n 0 Þ is the solar disk intensity. The absorbing ions have density N ion and velocity distribution function g p ðv p Þ along the direction n 0 , and they absorb the incoming radiation at a frequency 0 ; 0 depends on the velocity of the absorbing ion v p , and therefore the radiatively excited lines are subjected to Doppler dimming (Withbroe et al. 1982; Noci et al. 1987) as the outflow speed of emitting ions increases and the exciting and absorption profiles do not overlap completely. For very high outflow speed the exciting line profile falls outside the absorption profile and the radiatively scattered line becomes zero. This circumstance makes Doppler dimming an important diagnostic tool for determining the outflow speed of the emitting plasma. The Lyman lines of H i and the O vi lines have both collisional and radiative components. The radiative components arise from the resonantly scattered chromospheric emission lines and therefore have larger contributions to the Ly and O vi 1032 lines than Ly and O vi 1037. The Ly and O vi lines are used to determine the outflow-speed characteristics of the CME structures.
As described by Noci et al. (1987) , we can separate the collisional and radiative scattering components of the O vi doublet and the Lyman lines. The O vi intensity ratio I(1032)/I(1037) is 2 : 1 for collisional excitation and 4 : 1 for scattering. The ratio of Ly to Ly is 7:6 : 1 for the collisional component. For the radiative component, we use a value of 570 : 1 obtained from UVCS observations of comet 2P/Encke, rather than the value of 910 : 1 used by Raymond et al. (1997) . The more recent value reflects improvements to the UVCS calibration and an increase in the disk intensity of Ly relative to that of Ly with increased solar activity. The Ly/Ly ratio is also affected by Doppler dimming, but for a plasma at coronal temperature the variation is AE3% if the speed is 100 km s À1 (Raymond et al. 1997) . At an outflow speed of 300 km s À1 the Ly line is Doppler dimmed by more than 1 order of magnitude and the Ly/Ly ratio is nearly collisional.
The ratio 1037/1032 is 0.5 for the collisional components and 0.25 for the radiative components if the emitting plasma is at rest. Unlike the H i lines, the 1037 line can be enhanced by pumping from the nearby C ii 1036.34, 1037.02 lines for outflow speeds of 364 and 168 km s À1 , respectively (Noci et al. 1987; Li et al. 1998 ). This circumstance makes the O vi doublet an important tool for measuring the outflow at high speeds.
Given the intrinsic O vi doublet ratios and Lyman line ratios above, it is simple to determine the components due to collisional excitation and radiative scattering for each line. For the nearly stationary gas of the pre-CME streamer, the ratio of collisional to radiative components is a reliable measure of the density hn e n O vi i=hn O vi i (e.g., Ciaravella et al. 2000; Ko et al. 2002) . On the other hand, for outflow speeds above about 50 km s À1 , the decrease of the scattering component with increased speed constrains the speed.
The atomic rates used for this analysis are mostly taken from the CHIANTI database, version 3.02 (Dere et al. 2001) , with O vi, Mg x, and Si xii excitation rates from Zhang, Sampson, & Fontes (1990) . The ionization equilibria of Mazzotta et al. (1998) were chosen. In addition, we use the collisional excitation rates from the Lyman lines from Raymond et al. (1997) , which are very close to the results of Laming & Feldman (2001) . We use the Ly disk intensity measured by UVCS, as quoted by Raymond et al. (1997) , scaled up by a factor of 1.5 to account for the increase between solar minimum and solar maximum (Woods et al. 2000) . SUMER measurements by Schü hle et al. (2000) indicate stronger enhancements for Ly and for the N v and Ne viii lines that bracket O vi in formation temperature. We assume a factor of 1.85 enhancement for Ly and O vi.
THE AMBIENT STREAMER
Before starting with the analysis of the CME material, as a reference frame for the CME we investigate physical conditions of the ambient streamer where the CME propagates. -UVCS images of the flux-rope CME in Ly, Ly, O vi, Si xii, and Mg x. The top images were taken with the UVCS slit at 2.3 R , the bottom at 2.6 R . Spectra were taken every 2 minutes, alternating 12 exposures at 2.3 R and three exposures at 2.6 R . The crosses mark the boundaries between the CME components that have been identified from the Ly image, the brightest line in the UVCS spectra. [See the electronic edition of the Journal for a color version of this figure. ]
The streamer originated from the same area where the CME was launched, and it was completely disrupted by the CME.
The almost unperturbed bright strip starting from the top of the images of Figure 9 is the streamer emission. Line intensities of Ly, Ly, the O vi 1032, 1037 doublet, Si xii 520, and Mg x 610 in the streamer are plotted in Figure 10 against the coordinate along the UVCS slit. The intensities have been obtained by averaging 50 exposures taken between 17:32:43 and 20:21:31 UT on 2000 February 11, before the CME onset. The error bars include the statistical uncertainties only. Ly has a narrower peak as compared to O vi and the hot lines of Si xii and Mg x. This could suggest either temperature or composition differences across the streamer. The fact that both high-and lowtemperature lines are strong near the center of the UVCS slit indicates that the elemental abundances are higher in that region. Solar minimum streamers have shown the opposite behavior in the spatial distributions of line intensities, with a broad Ly peak and dips in the O vi and Si xii lines near the streamer center (Raymond et al. 1997; Kohl et al. 1997 ).
The Mg x/Si xii ratio, assuming photospheric relative abundances and using line emissivities from the CHIANTI database, version 3.02 (Dere et al. 2001) , gives temperatures in the range 1.4-1:8 Â 10 6 K. The highest values are where the Si xii emission peaks.
There are no density-sensitive lines in the observed spectrum, but the ratio of collisional and radiative components of the O vi lines can be used to estimate the density in the streamer. The O vi 1037/1032 line ratio inside the streamer varies in the range 0.32-0.38, implying a significant radiatively scattered component in the observed emission and therefore an outflow speed of less than 100 km s À1 . This is typically observed in streamers at this height (Kohl et al. 1997; Strachan et al. 2002) . The ratio of collisional to radiative contribution for the 1032 line ranges from 0.3 to 0.5, which at zero velocity corresponds to densities of 2.0-3:1 Â 10 6 cm À3 at 2.3 R . The highest densities are near the center of the slit. An outflow speed of 50 km s À1 would reduce these estimates by about a factor of 2.
The O vi/Ly ratio of the radiative components can be used to compute the oxygen abundance in the streamer (Raymond et al. 1997; Ciaravella et al. 1999 ). This estimate depends on the Doppler dimming of the lines, which, as mentioned earlier, should not be significant in this case. We found at 2.3 R N O =N H ¼ 2:3 Â 10 À4 , almost a factor of 3 lower than the photospheric value of Holweger (2001) .
A similar estimate can be obtained from the collisional and radiative components of the Lyman lines, and because of their large widths, the Lyman lines are less affected by Doppler dimming. However, Ly was measured in a rather narrow panel on the detector, and the placement of the background level introduces a substantial uncertainty. Therefore, we use the radiative component of Ly, which is about 99% of the total Ly intensity, and we obtain a density of 3 Â 10 6 cm À3 if we assume a line-of-sight depth of 1.7 R cm. The densities estimated from UV data are in reasonable agreement with those from the LASCO C2 (3:8 Â 10 6 cm À3 ) pB image taken at 21:00 UT in the brightest part of the streamer.
As the CME expands, the ambient streamer is forced southward and a bright area of enhanced emission in the Lyman lines appears just above the front around P:A: ¼ 290 (see Fig. 9 ). This sort of streamer displacement is often seen in LASCO movies of CMEs, and the motion appears to be primarily transverse rather than radial. In this compressed region Ly is 30% brighter than the pre-CME values, while Ly is 2 times brighter. These values can be matched if the density increases by a factor of 2, while Doppler dimming reduces the radiative components of the lines by a factor of 0.8, which indicates an outflow speed of about 100 km s À1 . White-light images show the same enhancement pattern as Ly, corroborating the increase in the density. No increase in the Si xii emission is detected, while O vi decreases. This indicates that the material being displaced to the south has depleted O and Si abundances as compared with the plasma originally in that region.
The spectra taken at 2.6 R show the same spectral lines as at 2.3 R , with Lyman lines and O vi doublet intensities fainter by a factor of 2, while Si xii and Mg x are 2.5 times lower. The O vi 1037/1032 line ratio is within the uncertainties the same as at 2.3R , indicating the presence of a significant radiative component at this height and an outflow speed lower than 100 km s À1 . The plasma is 1.5 times less dense, and the O vi abundance is almost 3 times lower than the photospheric value. At 2.6 R the bright area of enhanced Ly and Ly emission is also seen above the CME front (P:A: ¼ 286 ) at about February 12:25. Here the Lyman lines are 50% brighter than the pre-CME values.
7. SPECTROSCOPIC DIAGNOSTICS OF THE CME Figure 9 shows that the CME's morphology depends on the spectral line. The differences among the images taken at the same height can be ascribed mainly to temperature or Doppler dimming effects. The most detailed image is provided by the hydrogen Ly line. This line forms over a large range of temperature, and because of its wide line profile it is affected by Doppler dimming only at much higher outflow speed than O vi lines. The FWHMs of lines in the pre-CME streamer, corrected for the instrument profile, are 1.1 Å for Ly and 0.38 Å for O vi 1032 lines. The differences between the images taken at 2.3 and 2.6 R in the same spectral line are mainly due to the different time coverage.
CME Speed
Let us first study the CME velocity structure using the UVCS data. The UVCS spectra can provide the lineof-sight speed from the Doppler shift of the spectral lines, the plane-of-the-sky speed by comparing the intensities at the two slit heights, and the outflow-speed range from the Doppler dimming technique applied to the radiatively scattered lines of O vi and Ly.
The Doppler shift of a spectral line is detected for each spatial bin along the spectrometer entrance slit, and a map of the line-of-sight speed inside the observed CME region can be obtained with a high level of detail. Figure 11 shows the intensity and the Doppler shift images as obtained from the H i Lya line at 2.3 R . The white dots indicate the sampling along the front and the prominence core. Line-of-sight speeds along these paths are shown in the two panels on the right. Speeds directed toward the Earth are negative and those directed away from the Earth are positive. The bright front was moving toward the Earth at a speed varying from 10 km s À1 in the southern leg up to 60 km s À1 in the northern leg. The region underneath the circular bright front it is also blueshifted, while the ejected prominence shows along its S shape a smooth change from blueshift (À30 km s À1 ) to redshift (+25 km s À1 ). The S shape of the prominence material together with its Doppler shift behavior suggests a helical topology as observed by UVCS in other CMEs (Ciaravella et al. 1997 (Ciaravella et al. , 2000 . In the LASCO images, the CME core shows many crossed threads of plasma reminiscent of a helical structure as well. The modest line-of-sight speeds obtained from the spectra suggest that the CME structures are located very near to the plane of the sky.
The comparison of the spectra taken at 2.3 and 2.6 R provides the plane-of-the-sky speed for heliocentric distances lower than in the LASCO images, where the first detection occurred when the CME front was already at about 4 R .
The bright area seen at the top of the prominence material at 2.3 R in the Si xii line is also seen at 2.60 R . By matching these features we obtain upper and lower limits to the plane-of-the-sky speed of the prominence top of 210 and 63 km s À1 , respectively.
Ly images at the two heights are suitable for a more detailed comparison because they show many similar features (see Fig. 9 ). The front and prominence core are partially seen at 2.6 R , along with the black spot to the left of the CME core, and the range of speeds we derive is broader. The Ly black spot around P:A: ¼ 320 in the image at 2.3 R moves about 9 north in the image at 2.6 R . The spot is also expanding: the maximum size along the slit is 378 00 AE 42 00 at 2.3 R and 546 00 AE 42 00 at 2.6 R . Lower and upper limits to its speed in the plane of the sky are 125 and 450 km s À1 , respectively. The upper limit is too high if we consider that the front moves at speeds lower than 450 km s À1 and the CME structure remains almost unchanged over the C2 and C3 fields of view. On the other hand, the Doppler dimming of Ly suggests an outflow speed of about 200 km s À1 (see x 7.3).
The two dark features above and behind the southern part of the front present in both images indicate that in that area the front moves southward by almost 1=5. Its average speed in the plane of the sky is 110 km s À1 . This speed is lower than obtained at greater heights from the LASCO images, but it matches the speed of the compressed pre-CME streamer that we obtained in x 6 from Doppler dimming of the Lyman lines.
The expansion speed along the UVCS slit is higher on the northern side. From the position of the Ly black spot along the slit at 2.3 and 2.6 R we get an average speed of 318 km s À1 , while for the southern part, the behavior of other features indicates a speed of 47 km s À1 .
The Leading Edge
The front is most clearly visible as a diffuse, nearly circular structure in the LASCO images at 00:06 and 00:54 UT on February 12 (Fig. 5) and as a gently curved brightening in Ly between February 11.98 and 11.90 in Figure 9 . It stands out against the ambient corona in the LASCO C2 and C3 images, indicating that its density is higher than in the ambient corona. However, the front is not uniformly bright, with the northern part being fainter. Using the contours drawn in Figure 9 as a guide, we can measure from UVCS spectra the line intensities along the front. Binning in the spatial and temporal direction is required to increase the statistics of the faint lines. The line intensity distributions along the front are plotted in Figure 12 , where as a reference we draw the pre-CME streamer distribution of Figure 9 . Ly and Ly remain nearly constant in the bright streamer region in the southern part of the front, while the O vi doublet lines dim by about a factor of 2 in the streamer region and remain nearly constant near the northern end of the UVCS slit. As compared with the pre-CME emission, Ly and Ly are on average twice as bright in the northern leg of the front (polar angle higher than 310
). The fading of the O vi lines in the southern part of the front could be partially due to Doppler dimming, in which case the intensity ratio of the two lines would change. However, the large uncertainties on the line ratio due to the low O vi line statistics prevent a reliable diagnostic.
The high-temperature lines show rather different behavior. The lines of Mg x and Si xii, whose equilibrium formation temperatures are 1:25 Â 10 6 and 2:0 Â 10 6 K, respectively, peak around the front center (P:A: ¼ 311 ), and compared with the pre-CME emission, they are unchanged or slightly brighter in the northern part and more than a factor 2 fainter in the southern portion. Mg x and Si xii are collisional lines. The combination of increased density inferred from the LASCO images and the lower line intensities in the southern streamer region implies a change in the plasma ionization state and probably temperature with respect to the pre-CME streamer.
Within the uncertainties the Ly line widths in the front are the same as those in the pre-CME streamer. Broadening as a consequence of the front expansion may contribute to the widths, so proton temperatures in the front could be smaller than in the pre-CME streamer. On the other hand, a lower temperature in the front would imply brighter O vi lines, but in fact they are fainter. Doppler dimming could contribute to the fading of the O vi lines, but Ly, which is almost entirely formed by radiative scattering, remains constant in the region where O vi fades most severely. Outflow speeds near 100 km s À1 could in principle dim the O vi lines by a factor of 2 while affecting Ly at only the 20% level.
To estimate the density in the front from the UVCS line intensities, we examine the northern region, where there is good contrast with the pre-CME observations. Even so, the uncertainties in Ly and Si xii are large. At P:A: ¼ 320 , the Ly, Ly, O vi 1032, and Si xii lines change by factors of 1.8, 1.4-2.5, 0.8, and 1.4-2.4, respectively, from their pre-CME values. In principle, one could assume that the temperature and elemental abundances remain unchanged and solve for the changes in density and Doppler dimming that account for these changes in brightness. However, there is no self-consistent solution. Even the Ly-to-Ly ratio severely restricts the compression and Doppler dimming factors. Any substantial Doppler dimming of the Lyman lines must be overcome by a high density to produce the brightening in Ly. For instance, the speed of 300 km s À1 suggested by Figure 5 reduces the scattering component of Ly by a factor of 0.077. Since nearly all the pre-CME Ly intensity arises from the radiative component, a compression factor of $8 is required to produce the Ly brightening. The Ly line, on the other hand, has a $30% collisional component in the pre-CME plasma for the density range inferred above. Since the collisional emission scales as the density squared, the large compression would imply a factor of 19 brightening for Ly, which we did not detect.
We can find a small region of density-velocity space that matches both Ly and Ly intensities. Defining a compression factor c and a Doppler dimming factor dd, and taking radiative and collisional components for the pre-CME plasma of 0.98, 0.02 and 0.70, 0.30 for Ly and Ly, the have solutions only with dd < 1 for dd ! 0:9, c 2. A Doppler dimming factor of 0.9 corresponds to an outflow speed of only 50 km s À1 . Smaller compression factors and larger Doppler dimming factors are possible, but they would be difficult to reconcile with the Si xii brightening and the LASCO density enhancement. Thus we find, as with the streamer pushed toward the south, that the outflow speed is far below the 300 km s À1 value expected from the LASCO positions of the front. Fig. 12. -Line intensities along the CME front (solid line) observed at 2.3 R . The dotted lines are the pre-CME streamer values as in Fig. 10 . Error bars include the statistical uncertainties only. The position along the slit is given in polar angle from the north pole (bottom axis) and heliocentric height (top axis).
Moreover, compression by a factor of 2 would increase the intensity of the purely collisional Si xii line by a factor of 4. It would increase the O vi intensity at least 20%, while a 20% fading is observed. Thus we conclude, again as for the streamer pushed toward the south, that the elemental abundances are lower in the front than in the pre-CME plasma. Again, this is naturally interpreted as the displacement of streamer leg material by somewhat denser material from the depleted streamer core. The factor of 2 abundance reduction derived by Raymond et al. (1997) for the core of a quiescent streamer would account for the O vi and Si xii intensities. The disparity between the apparent speeds from LASCO and UVCS is a combination of two factors: First, the Ly observation selects the slowest material within the field of view, simply because of the strong attenuation of faster plasma by Doppler dimming. Second, many CMEs are observed to rise slowly, then suddenly erupt at high speed. We appear to have caught this event just as the eruption began.
We can use the density estimate from the pre-CME pB measurements and the column density computed during the CME to evaluate an upper limit to the depth of the front along the line of sight using Figure 7 . The density ratios scale with the depth along the line of sight, smaller depths having larger ratios. The factor of 2 increase in the front density as compared to the streamer obtained from the spectroscopic data at 2.3 R sets a limit to the front depth between 1 and 2 R .
Finally, we must determine whether the front is associated with a shock front. A shock at the front might be apparent through a discontinuous jump in brightness, through a type II radio burst, or through a broadening of the line profiles (e.g., the 1998 June 11 event observed by UVCS; Raymond et al. 2000) . In the February 12 event the brightness increase is gradual, occurring over about 60 minutes at the front center. The shock jump conditions imply nearly a factor of 2 temperature jump for the compression factor of 2 derived above, but no such jump is seen in the widths of the emission lines. We conclude that no shock exists at the front of this event, at least at 2.3 R . With a speed of only 50-100 km s À1 , it is not surprising that this event did not produce a shock, since the sound speed was 190 km s À1 in the pre-CME streamer.
The Three-dimensional Structure of the Leading Edge
The nearly circular appearance of the front observed in the white-light images of CMEs has been so far interpreted as a two-dimensional projection of a simple set of magnetic loops (Mouchovias & Poland 1978) or the projection of a three-dimensional spherical shell surrounding a flux-rope core (Howard et al. 1982; Fisher & Munro 1984; MacQueen 1993) .
In the case of the February 11 CME, the EIT and SXT images of the CME onset clearly show the launch of the main loop structure (see x 2 and Figs. 2 and 3) followed by a more diffuse region. The LASCO C2 images of Figure 5 show that the front has its own internal fine structure of superposed nearly parallel threads, which suggests stratification by magnetic field lines reminiscent of loops. If the front was a projection of a shell-like structure, we should also detect a similar fine stratification in the void region. Although in some of the C2 images there might be evidence for such fine threads, the data are not suitable for an unambiguous answer.
Whatever the three-dimensional morphology of the front is, its dynamical evolution must reproduce the Doppler shift measured by UVCS shown in Figure 11 and the time evolution of the line intensity at different positions along the slit. An expanding loop tilted by few degrees toward the observer with a northern leg on the disk and the southern leg behind the limb would easily explain the observed Doppler shift. In this configuration the expansion of the southern leg of the loop would compensate the component of the speed along the line of sight. Line intensities inside the UVCS slit would increase as soon as the front hits, reaching a maximum value and then quickly decreasing as the front starts to leave the slit. Toward the edges of the loop the decrease would be smoother.
The Doppler shift observed along the bright front is difficult to fit with the scenario of a simple three-dimensional shell of plasma surrounding the flux rope and expanding as it goes up. If the rim is a two-dimensional projection of a shell, the material in the rim should move perpendicular to the line of sight. Expansion of a such structure could only give a uniform Doppler shift if the entire structure has a net component of the speed along the line of sight. The difference in Doppler shift between the north and south ends of the structures would require a rotational motion around the CME axis. However, if the eruption occurs in a nonuniform corona (as it must given the streamer to the south), it would be possible to match the Doppler shift pattern if the near side of the shell were brighter on the northern side of the shell.
Finally, if the front were a spherical shell, there would be separate velocity components from the two places where the line of sight intercepts the shell. As the shell expands, the back side and the front side should have opposite speeds along the line of sight and the emission line velocity profile should be double-peaked. Line profiles have been analyzed in several regions inside the CME void, and we do not detect double-peaked profiles, although in the case of an asymmetric shell they might result in just a shift or asymmetry in the profile. The line profiles in the void are not much different than in the pre-CME corona. However, their broad profile could be consistent with a background thermal profile plus two offset components emitted by the front and back side of the shell shifted by AE35 km s À1 . As far as the line intensity behavior, the simple spherical shell models do not predict the rapid drop of the line intensity we observe in the void region.
Void
The CME void is most apparent as the dark arc in the February 12 00:54 UT LASCO image and as the fainter area behind the front surrounding the prominence in the Ly image of Figure 9 . In the O vi 1032 line it is seen as the overall dark region between P:A: ¼ 295 and P:A: ¼ 314 , while in the fainter lines it is less evident. The void is not homogeneous, and the different spectral lines show its temperature and velocity structures. There is a diffuse area behind the front where Si xii is present as well as the Ly and Mg x lines. The O vi lines are very faint, and what is detected is mostly emission from the background corona. In the Ly line the void is brighter in the region to the south of the prominence, where it probably contains pre-CME streamer material not completely removed or else some prominence plasma. On the northern side of the void the Ly image shows an area of very low intensity, a sort of hole, which is not seen in the other spectral lines. This dark spot in the Ly image is seen between P:A: ¼ 315 and P:A: ¼ 323 and from 11.97 until 12.00. A detailed comparison with the LASCO images shows that white-light emission at the same location and time does not show any severe dimming region. Therefore, what is seen in Ly cannot be the result of a very low density plasma alone. A high speed is suggested by the Ly line factor of 3 lower dimming from the pre-CME values and factor of 4 lower than in the void region to the south of the prominence core. The dimming of the Ly line, given its wide profile, implies an outflow speed of the dark spot of about 200 km s À1 . The dark spot is then a region of high outflow. The line widths of Ly do not differ from the values measured in the pre-CME streamer, presumably because emission from the high-speed gas is so severely dimmed. The doublet ratio of the O vi lines might be expected to show a purely collisional value, but the O vi lines are very weak and the intensities may have a significant contribution from the background corona. Overall, the Doppler dimming considerations indicate that the upper limit of 450 km s À1 obtained in x 7.1 is too high and that a more reasonable value would be 200 km s À1 .
In part of the dark region we detect the Si xii line, whose intensity is 7:34 Â 10 8 photons cm À2 s À1 sr À1 , comparable to the streamer values. The presence of the Si xii emission indicates that plasma in the dark region must be at coronal temperature. The presence of Si xii and the absence of O vi indicates a temperature higher than that of the pre-CME plasma, and we infer T e > 10 6:2 K.
Prominence Core
The core or prominence material is visible as the very bright feature stretching to about 4 R in the February 12 00:54 UT LASCO image and as the bright, narrow feature snaking from 11.99 to 12.10 in the Ly image in Figure 9 . A trail of emission is left behind the bright prominence top, and it is mainly seen in the Ly line. This is probably what remains of the prominence core as it moves outward. This trail of emission fades over more than 10 hr. A prominence tail lasts very long in the LASCO images as well.
The intensity distributions of the detected spectral lines along the prominence core marked in Figure 9 are plotted in Figure 13 . The plotted line intensities include the coronal background emission, which for weak lines such as O vi can give a significant contribution at the bottom end. The Ly line is again very bright, especially in the tail of the prominence core. The prominence is almost invisible in O vi images, especially in the tail (see Fig. 9 ). The core's upper end can be seen in Mg x and Si xii. In particular, Si xii 520 is 3 times brighter at the top than in the lower part. The Mg x brightens at the bottom of the prominence, but comparison with the behavior of the other lines suggests that the emission actually comes from the nearly superposed direct channel emission line of C iii 977. Therefore, while other CME cores observed by UVCS show temperatures in the 30,000-300,000 K range (Ciaravella et al. 1997 (Ciaravella et al. , 1999 (Ciaravella et al. , 2000 Akmal et al. 2001) , in the 2000 February 11 event the temperature at the upper end of the prominence is around 1:6 Â 10 6 K.
The line intensity distributions of Figure 13 indicate a temperature structure in the prominence core, with the top being hotter than the tail. Ly line widths along the prominence suggest the same trend. Wider Ly profiles are detected at the top (v 1=e ¼ 165 km s À1 ) than at the bottom (v 1=e ¼ 140 km s À1 ). Based on the Ly line width and taking into account that broadening of the line may occur as the core expands while it is moving outward, the temperature at the bottom of the prominence core is 10 5.7 K. On the other hand, at the bottom of the core the weak emission in C iii 977 detected in the UVCS spectra suggests the presence of cool plasma, T $ 10 5 K.
The prominence core has a nonuniform density structure as well, with the top being denser than the tail. In the LASCO C2 images the top of the prominence core is much brighter than the tail. This is most probably due to the stretching up of the ejecta as it remains tied to the Sun surface for several hours (see Fig. 5 ). The Ly images have similar behavior to white light, and the Ly/Ly ratio indicates a larger collisional component at the top of the core. At 2.3 R the outflow speed of the core is relatively low and we can use the Ly radiative component to estimate the density along the prominence core. At the top we use a plasma temperature of 1:6 Â 10 6 K, as suggested by the presence of Si xii emission, and a depth along the line of sight of 1 R , the same as the thickness in the plane of the sky, and we obtain a density of 5:4 Â 10 6 cm À3 . With these plasma characteristics the predicted emission of Si xii and O vi matches the observed emission very well.
Using the same approach we can estimate an upper limit to the density at the bottom of the prominence core. With the upper limit to the temperature (10 5.7 K) estimated above and a depth along the line of sight of 1 R , we obtain an upper limit to the plasma density of 2 Â 10 6 cm À3 . In general, higher densities would be obtained for smaller depths. The diagnostics so far described have been obtained under the hypothesis of ionization equilibrium, which with the modest speed and substantial density of the prominence material appears to be a reasonable assumption.
The weak emission detected in the O vi doublet does not originate from the CME. In fact, within the statistical uncertainties it is equal to the background corona left after the CME passed by.
SUMMARY AND DISCUSSION
The 2000 February 11 CME provides an important opportunity to address relevant questions about the structure of a flux-rope CME, by comparing the UV spectra with the white-light data. So far, the lack of spectroscopic observations of CMEs as they propagate in the corona has prevented answers to the following questions: Is the bright front coronal material that has been compressed by the eruption? Is the front a shock front? Is the CME material hot or cool?
We have summarized the physical parameters derived from the UV spectra and white-light data in Table 1 . For the CME regions with low statistics, such as the void, the parameters are either not well constrained or not available.
UV spectra indicate that the characteristics of the front material were quite different than in the ambient corona where UVCS was looking before the eruption. The plasma in the front was denser, cooler, and more depleted in O and Si than the ambient streamer. This is to be expected if the ejected plasma comes from the denser and depleted streamer core (Raymond et al. 1997) . No significant variation in the line profile was detected that can be related to a passage of a shock front. At the heights UVCS was observing, the front was moving at a speed lower than the local sound speed. The front of the 2000 February 11 CME had a nonuniform Doppler shift with the northern leg more blueshifted than the southern leg. The modest line-of-sight speeds as compared to the speed obtained from LASCO also suggest that the moving structures are not far from the plane of the sky. The plane-of-the-sky speeds, obtained from UVCS by comparing the data taken at the two slit positions (2.3 and 2.6 R ), are lower than those measured from LASCO images, where the CME was first detected at greater heights (see Fig. 6 ). The outflow speed, constrained from the Doppler dimming of the radiatively excited lines of Ly and O vi, indicated that the front was moving at a speed lower than 100 km s À1 . It might be that we detected the initial slow phase of the eruption, but certainly the UVCS spectra are not compatible with speeds as high as 300 km s À1 expected from LASCO data at greater heights. We can conclude that the acceleration between 2.3 and 4.5 R is much higher (60-90 m s À2 ) than estimated on the basis of LASCO data ($10 m s À2 ).
The Doppler shift behavior of the front and the temporal evolution of the line intensities suggest that the front is more likely given by a looplike structures rather than projection of a simple spherical shell, although a nonuniform shell could be compatible with the data. The depth along the line of sight of such a loop system is between 1 and 2 R , as provided by the comparison of the UV density with the white-light column density.
The prominence core was hot at the top, where Mg x and Si xii were detected. This is in disagreement with what is generally assumed in the CME models, where the core is taken as cold plasma. On the other hand, Skylab and SMM observations have shown that rising prominences can be heated or ionized at coronal temperatures (Illing & Athay 1986) . The tail was much cooler and less dense (see Table 1 ).
The mass, as obtained from LASCO, was half of the CME total mass. Material at the top of the core moved faster than in the tail. Outflow speeds obtained from Doppler dimming of resonant scattered lines are larger than 100 km s À1 everywhere along the core. Doppler shifts along the prominence core are reminiscent of helical structure observed in other CMEs (Ciaravella et al. 1997 (Ciaravella et al. , 2000 .
Emission in the void was rather faint, and the diagnostics of the plasma parameters were poor. However, the UV spectra revealed a high outflow speed area as a dark area (see Fig. 9 ) of dimmed H i Ly emission that was not apparent in the white-light images. There is some diffuse and weak emission in Si xii and Mg x that indicates high-temperature plasma.
The comparison between white-light and UV spectra has shown the different diagnostic capabilities of the two data sets but, at the same time, their complementary role in building a more complete picture of a CME. White-light and UV data give quite different images of the same event.
Even the H i Ly image that better resembles the white-light data can show peculiar morphological differences where the outflow speed is high enough to dim its radiative component. On the other hand, the white-light data were crucial for disentangling density from outflow-speed effects inside the void of the 2000 February 11 CME.
Although other UV spectra of CMEs have been analyzed, 2000 February 11 is unique in that all three components, front, void, and core, were detected and their characteristics derived. We hope that this set of data can be an interesting reference frame for CME models aimed at predicting not only the morphology of CMEs but also their physical parameters.
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